Photoemission, from core levels and valence band, and low-energy electron diffraction (LEED) have been employed to investigate the electronic and structural properties of graphene-ferromagnetic (G-FM) systems, obtained by intercalation of one monolayer (1 ML) and several layers (4 ML) of Co on G grown on Ir(111). Upon intercalation of 1 ML of Co, the Co lattice is resized to match the Ir-Ir lattice parameter, resulting in a mismatched G/Co/Ir(111) system. The intercalation of further Co layers leads to a relaxation of the Co lattice and a progressive formation of a commensurate G layer lying on top. We show the C 1s line shape and the band structure of G in the two artificial phases, mismatched and commensurate G/Co, through a comparison with the electronic structure of G grown directly on a Co thick film. Our results show that while the G valence band mainly reflects the hybridization with the d states of Co, regardless of the structural phase, the C 1s line shape is very sensitive to the rumpling of the G layer and the coordination of carbon atoms with the underlying Co. Even in the commensurate (1 × 1) G/Co phase, where graphene is in register with the Co film, from the angular dependence of the C 1s core level we infer the presence of more than a single component, due to inequivalent adsorption sites of carbon sublattices.
I. INTRODUCTION
The synthesis of graphene (G) on transition metal surfaces allows us to obtain high-quality large-area samples and to design and control the electronic properties through the interaction with other species. Adsorption of atoms, molecules, and clusters on top, or intercalation beneath the graphene layer, are two different strategies widely employed to this end [1] . The intercalation of noble metal atoms [2] [3] [4] , or gaseous species [5] [6] [7] at the graphene-substrate interface, for instance, have been proven to soften the hybridization with the substrate and to lift the graphene layer. Alternatively, hydrogenation of G [8] or alkali metals deposition [9] have been used to open a wide electronic gap between π and π * states of G, or to induce a superconductive behavior [10] . On the other hand, little has been done yet to manipulate the weak intrinsic magnetic properties of G, for instance by designing contacts with FM (Fe, Co, Ni), or by exploring the coupling with magnetic species [11] [12] [13] [14] [15] [16] . Here we focus our attention on the electronic structure of some selected G/FM systems. In order to grow G on FM, carbon segregation or chemical vapor deposition (CVD) of hydrocarbons on single crystals have been used so far [17] [18] [19] . Alternatively, single layers of Ni or Co atoms have been intercalated underneath G grown on Ir(111) [20, 21] , with the benefit of tailoring the structural properties at the interface. The bare G/Ir(111) system has been studied with several methods, all describing * daniela.pacile@fis.unical.it a gently rippled moiré superstructure where carbon atoms interact very weakly with the underlaying metal, thus keeping an almost unperturbed graphene π band [22] . The intercalation of a single epitaxial layer of Ni or Co [20, 21] leads to a locally enhanced interaction, resulting in a strong corrugation of the graphene layer, with a modulation in the range of 1.2-1.8Å, and a minimum G-FM distance of about 2Å. Based on scanning tunneling microscopy (STM) and density functional theory (DFT) results [20, 21] , a pseudomorphic arrangement of intercalated Co (or Ni) atoms on Ir(111) with comparable interplane distance was deduced. The band structure of G/1 ML Ni/Ir(111) probed by angle-resolved photoemission spectroscopy (ARPES) shows a clear transition from a nearly freestanding to a strongly hybridized character of the π band [20] . The hybridization between Co (or Ni) d states and graphene π states is directly related to the strongly interacting top-hollow and bridge configuration in the lower parts of the moiré mesh, while the interaction is van der Waals-like for other regions (fcc-hcp configurations). Interestingly, the moiré pattern is reflected into the magnetic properties also. Spin-polarized STM and DFT calculations revealed that the magnetization of G is site dependent in G/1 ML Co/Ir(111) [21] : in the hills (fcc-hcp configurations) G is ferromagnetically coupled to the Co underneath, whereas in the valleys (top-hollow) it is coupled antiferromagnetically.
In order to explore the interaction mechanism of G-FM systems, we provide here a characterization of the electronic structure of G/Co. We design three different G/Co systems: the mismatched G/1 ML Co/Ir, the commensurate (1×1), and the G/4 ML Co/Ir intermediate phase. The comparison between photoemission spectra allow us to discuss the influence of lattice mismatch and chemical interaction, and thus to rank their effect on the graphene electronic structure.
II. METHODS
Angle-resolved photoemission and high resolution core level measurements were performed at VUV and SuperESCA beamlines of the Elettra synchrotron radiation facility (Trieste, Italy).
Experimentally the G/Ir(111) system was prepared by exposing the Ir(111) surface at 1300 K to ethylene [23] . One or several equivalent monolayers of Co atoms were evaporated on G/Ir(111) by a conventional source at room temperature, and intercalation underneath the graphene layer was achieved via annealing, in the temperature range of 600-800 K. Starting from the submonolayer regime, the Co coverage was estimated on bare Ir(111) by measuring the intensity ratio of Co 3p and Ir 4f core levels. The intercalation of 1 ML of Co underneath G/Ir(111) was monitored following the evolution of Ir 4f , Co 3p, and C 1s core level photoemission spectra, acquired with photon energies of 176 and 400 eV. Cobalt adatoms deposited on the graphene layer do not influence the C 1s and Co 3p line shape, suggesting the absence of Co-C intermixing (see Supplemental Material [24] ). Moreover, in order to check possible Co-Ir mixing due to the annealing, the intensity ratio of Co 3p and Ir 4f was monitored. We do not detect (data not shown) the formation of Ir-Co surface alloy in the temperature range used here. The intercalation of several Co monolayers was achieved by further depositing 3 ML of Co on top of G/1 ML Co/Ir(111), and by intercalation via annealing. We have also attempted the intercalation of 4 ML of Co step by step, by depositing and intercalating 1 ML of Co each time, obtaining the same results.
Graphene was also grown directly on Co. For this purpose, thick Co film was grown on W(110) by evaporation of about 15 ML of Co on the clean substrate at room temperature. The graphene layer was grown by CVD of ethylene at about 700 K, at the lower limit of temperature to avoid local breaking of the Co film. Surface order and cleanliness was checked by LEED and core levels measurements. ARPES and core level measurements on Co thick films were taken at the VUV beamline.
At SuperESCA, photoelectrons were collected at normal emission, with a Phoibos electron energy analyzer equipped with a homemade delay line detection system. The incidence angle was 70
• . Photoemission data have been normalized to the beam intensity, and the binding energy (BE) scale was calibrated using the Fermi edge of the Ir substrate.
ARPES data taken at VUV were collected using a Scienta R4000 electron energy analyzer, at the photon energy of 63 eV, where the contrast between C and Co related bands was optimal. Energy and angular resolution were 50 meV and 0.1
• , respectively. All ARPES spectra here shown were acquired at room temperature.
III. RESULTS AND DISCUSSION

A. XPS
During the intercalation of Co underneath G/Ir the line shape of the C 1s peak was recorded as a function of temperature, and displayed in Fig. 1(a) . A two-dimensional (2D) projected plots of fast-XPS spectra is shown in the lower panel of Fig. 1(a) . The C 1s profile upon completion of the intercalation process [ Fig. 1(b) ] has been fitted with two Doniach-Sunjic (DS) line shapes [25] . The fit results, including BE, full width half maximum (FWHM), for both the Lorentzian and the Gaussian contribution, and the asymmetry factor α, are reported in the figure caption.
The C 1s peak of G/Ir(111) exhibits a sharp profile centered at 284.13 eV [26] (see Supplemental Material [24] ). In Fig. 1(a) the C 1s peak intensity stays constant up to about 570 K. Above this temperature, an almost complete drop of intensity was observed, while a double peaked line profile arises at higher binding energy, with components at 284.92 eV (A) and 284.42 eV (B) [ Fig. 1(b) ]. We attribute the intensity drop to the intercalation of 1 ML of Co underneath the G layer. For 1 ML of Co, the C 1s G/Ir peak is completely quenched, and the A peak area contributes by 74% to the total area, while the 26% is due to the B peak. The LEED pattern reported in the inset of Fig. 1(b) shows the moiré pattern with a reduced intensity of extra spots with respect to G/Ir (not shown). Graphene grown on Ir(111) surface exhibits a characteristic moiré pattern with a periodicity of 2.5 nm due to the lattice mismatch and a slightly corrugation of the graphene overlayer with top-valley height of about 0.3Å [27] . Recent studies confirm a moiré pattern with the same periodicity when a single Co layer is intercalated [21] , but with a more pronounced corrugation, i.e., the height of carbon atoms in the top region compared with the valley regions is 1.2-1.8Å . Both corrugation and hybridization of the G layer are reflected in the C 1s core level line shape. This structural configuration justifies the presence of a double peak binding energy distribution, as already observed for other corrugated G layers grown on selected metallic surfaces, like Ru(0001), Rh(111), and Re(0001) [28] [29] [30] . The degree of corrugation is not only related to the lattice mismatched substrates, but critically depends also on the strength of interaction of the G layer with the underlying metal surface. The double component can be associated to a corrugated G layer as sketched in Fig. 1(b) , where the peak with lower binding energy B is due to weakly interacting carbon atoms, while the high-energy peak A results from highly interacting G atoms.
In the parental G/1 ML Ni/Ir(111) system a main component centered at 284.90(±0.20) eV was measured [20] , with a total width of about 840 meV and a tail toward lower binding energy. Considering all carbon adsorption sites, the theoretical simulation has shown that the strongly interacting C atoms in the lower regions are dominant, while all the other contributions are spread at lower binding energies with respect to the main peak. The minimum G-Co(Ni) distance was predicted at about 2Å, which indeed gives a consistent binding energy of the main (A) peak.
A subsequent deposition of 3 ML of Co on top of G can induce further intercalated layers, following the same annealing procedure. The C 1s core level line shape evolves as a function of temperature, and the binding energy exhibits a slight progressive shift, as reported in Fig. 2(a) . At the completion of 4 ML of Co, the C 1s peak exhibits a wide and asymmetric line shape, suggesting a different structural configuration of the G layer on the Co film. A qualitative confirm of a different arrangement can be deduced from the diffraction pattern of G/4 ML Co/Ir, reported in the inset of Fig. 2(b) . Here the LEED pattern reveals an almost complete smearing out of the moiré superstructure, suggesting a release of the mismatch. During the intercalation of several layers, the Co film progressively releases its in-plane lattice constant and corrugation at the interface, until the G layer becomes in register. The C 1s line shape reported in Fig. 2(b) is due to several nonequivalent C configurations on a Co substrate not fully relaxed, as deduced further on from the comparison with the thick Co film. Nevertheless, we cannot rule out the presence of Co clusters at surface or thickness variations in the Co film when several Co monolayers are further intercalated.
To shed more light on the overall interaction of graphene with several Co layers, we have performed photoemission measurements on G grown on thick films (15 ML) of Co(0001) on W(110). Contrary to previous measurements [19] , we were able to achieve a single domain growth of G on Co, as shown by LEED [inset of Fig. 3(a) ] and by ARPES results discussed afterwards. Figure 3(a) shows the angularly integrated C 1s core level of G grown on the Co film. Even when G is in register with the Co substrate, the two carbon atoms occupy nonequivalent adsorption sites. The crystal structures of both G/Ni and G/Co are well established by quantitative (I-V) low-energy electron diffraction [31] , STM [19, 32, 33] , and DFT [32, 34] , all suggesting a top-hollow configuration for the two carbon sublattices [inset of Fig. 3(a) top-bridge configuration of G on Ni(111) was proposed [35] , together with stochastic structural phase transitions during the cooling of the sample. In G/Co/W, no change of the line shape was seen as a function of temperature. Considering the strong chemical interaction between G and Ni (or Co), and a small G-FM separation (of about 2Å), a sublattice asymmetry is expected for both top-bridge and top-hollow configurations. The C 1s peak of Fig. 3(a) exhibits an experimental FWHM of about 700 meV. The photoelectron diffraction map of the C 1s peak (taken with angular resolution of 0.3
• ) reveals a periodic modulation of the FWHM, reported in Fig. 3(b) , with an excursion between maximum (bright yellow) and minimum (black) values of about 120 meV. While traveling through the crystal, the photoelectron is backscattered at the periodic crystal potential leading to wavelength modulations of the final-state electron wave function. The linewidth modulation seen here must be related to diffraction effects arising from different sites of the C 1s photoemission process, ruling out the existence of one single component. Thus we conclude that the C 1s line shape reported in Fig. 3(a) is representative of a stable (1×1) structural phase, where the two carbon sublattices occupy nonequivalent adsorption sites, with a separation between their main components within 100 meV.
B. ARPES
In order to investigate the effect of lattice mismatch on the valence bands, ARPES has been employed to study G/Co in different structural phases. Figure 4 shows ARPES maps of the electronic band dispersion of (a) G/1 ML Co/Ir(111) and (b) G/4 ML Co/Ir(111), taken along the K direction. In Fig. 4(a) [20] , where the π band behavior is marginally affected by the number of intercalated Ni layers. Figure 5 (a) shows the overall band structure of G/Co/W(110) sampled along K. According to the literature, and similarly to the intercalated systems shown here, the π band appears shifted to higher binding energy by the interaction with the substrate with respect to freestanding graphene, with a minimum at about 10.10 eV at . To see the two branches of the π band, thus avoiding the destructive interference of photoelectrons, we have sampled the dispersion along the direction perpendicular to K [ Fig. 5(c) ]. Our data suggest that the hybridization takes place between the d states of Co and both π and π * bands, with a crossing point at about 2.80 eV, in agreement with previous measurements [19] . The position of the maximum of the π band is downshifted by 0.30 eV with respect to the intercalated systems. This difference could be related to the width of the Co-d states as a function of the Co thickness, and thus to the degree of hybridization with the π bands, in analogy with G/Ni/Ir(111) [20] . Finally, in Fig. 5(b) we have magnified the region around the K point of Fig. 5(a) (enclosed by the white dashed line). One clearly sees that no additional contributions which would come from different domains are present. The growth of graphene on bulk Co or Ni is then similar, as can be deduced by considering the close lattice mismatch of 1.2% (G-Ni) and 1.9% (G-Co).
IV. CONCLUSION
We have studied the G-Co interaction in two different structural phases, mismatched and commensurate (1×1), while keeping the chemical environment similar. We show that the C 1s core level is very sensitive to the coordination of carbon atoms, namely to the position of the two graphene sublattices, and further to the corrugation of the graphene layer. In the mismatched G/Co/Ir phase, with Co bonds stretched to the Ir lattice constant, the C 1s peak exhibits two main components related to different carbon adsorption sites on valleys and hills, in analogy with strongly corrugated systems. In the commensurate (1×1) phase the C 1s linewidth is of about 700 meV, with a modulation of 120 meV demonstrating the existence of more than one single component. We conclude that going from the mismatched to the commensurate phase, the sublattice asymmetry is always reflected into the C 1s core level. The binding energy spread of C 1s is much more pronounced when the graphene layer is corrugated, thus the two sublattices occupy a high number of nonequivalent adsorption sites. On the other hand, the G-Co chemical interaction is dominant in the valence band, regardless of the structural phase. In G/1 ML Co/Ir no π band splitting is observed for valleys and hills, at odd with h-BN monolayers grown on selected transition metals [36] . This is due to the metallic nature of graphene [37] , which prevents charge confinement effects observed in h-BN.
Note added in proof. Recently, we became aware of Ref. [11] , which also deals with the intercalation of Co on G/Ir(111).
